(Received 14 December 2015; accepted 1 February 2016; published online 11 February 2016) The realization of conducting nanostructures at the interface between LaAlO 3 and SrTiO 3 is an important step towards the realization of devices and the investigation of exotic physical regimes. We present here a detailed study of the conducting nanowires realized using the atomic force microscopy writing technique. By comparing experiments with numerical simulations, we show that these wires reproduce the ideal case of nanoconducting channels defined in an insulating background very well and that the tip bias is a powerful knob to modulate the size of these structures. We also discuss the role of the air humidity that is found to be a crucial parameter to set the size of the tip-sample effective interaction area. V C 2016 AIP Publishing LLC.
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The conducting interface between LaAlO 3 and SrTiO 3 1 is a fascinating system which combines the properties emerging at low dimensions with the physics of complex oxides. 2, 3 This interfacial electronic system is characterized by a strong spin-orbit coupling related to the breaking of inversion symmetry [4] [5] [6] and it undergoes a superconducting transition below $300 mK. 7 Its electronic properties are also strongly tunable by electric field effect. 4, 8, 9 Realizing onedimensional (super)conducting structures opens the way to the investigation of exotic regimes. Such nanowires could, for instance, be suitable for detecting Majorana particles. 10, 11 Recently, several techniques have been used to create nanostructures at this interface: electron-beam lithography, [12] [13] [14] field-effect gating, 15 growth in tilted structures, 16 and atomic force microscopy ("AFM-writing technique"). 17, 18 Among them, the AFM-writing technique is a versatile tool to create conducting channels down to few nanometers in size and has been used to perform a series of remarkable experiments. [19] [20] [21] [22] [23] By applying a positive electric bias to the tip of an AFM, the conductance of an insulating heterostructure with a LaAlO 3 layer thickness of $3 u.c. can be switched ON locally. 17 By reversing the bias polarity, the conductance is switched OFF.
The microscopic mechanism responsible for the change of the conducting state with this approach is still unclear. It could be related to the formation/replenishment of oxygen vacancies at the LaAlO 3 surface during the writing 17 or to the screening effect due to the ionization of surface adsorbates. 24 Experimentally, it has been shown that the AFMwriting succeeds only in air. 24 The role of the writing parameters and the effect of the relative humidity have however not been fully explored yet. A further study of these quantities is important for the realization of customized nanodevices and for the understanding of the writing mechanism.
Here, we present a detailed characterization of the effects of the voltage bias applied to the AFM tip, and we discuss the role of the relative air humidity during the writing process.
Numerical simulations show that the evolution of the total conductance during the displacement of the tip between two electrodes is a good quantity to characterize the properties of the conducting wires and the sample background. From this analysis, we deduce the width of the nanowire for different tip biases. Finally, in order to investigate the effect of the relative humidity, we model the water meniscus present between the AFM tip and the sample surface and we compare it with the experiments. We show that the meniscus is a key element for the efficiency of the writing mechanism and that the relative humidity strongly modulates the wire size.
LaAlO 3 films are deposited on TiO 2 -terminated (001) SrTiO 3 single crystals by pulsed laser deposition. The growth is performed at 800 C in an oxygen pressure of 10 À4 mbar and annealed for 1 h at 520 C in an atmosphere of 200 mbar of oxygen. The fluence of the laser pulses is $0.7 J/cm 2 , and the repetition rate is 1 Hz. The thickness of LaAlO 3 is monitored during the growth using reflection high-energy electron diffraction (RHEED). We found that the optimal thickness for the writing experiments is 2.8 u.c. Figure 1 shows a device used for the writing experiments. Metallic contacts are defined around the writing area by patterning the surface using optical lithography. We then use Ar ion milling to etch the electrodes area ($14 nm deep) before the in-situ deposition of Ti/Au (11 nm/3 nm) by ebeam evaporation; in this way, the height of the electrodes matches the LaAlO 3 surface within a few nanometers. A constant current of 100 nA is used for the measurements. The evolution of the conductance is monitored in real time by measuring the voltage drop between the contacts in a 2-point configuration. 33 The writing experiments are performed using a Multimode DI3 AFM equipped with a Nanonis Kolibri Sensor. 25 In this system, a metallic tip, mounted on a quartz resonator, oscillates 1.5 nm above the sample surface with an amplitude of 0.3 nm. The tip is made of tungsten and has a radius of $110 nm. This sensor does not entail the presence of a laser to track the tip movement, hence avoiding changes in conductivity due to photocarriers excitation in SrTiO 3 . As a preliminary step, two conducting pads are defined around the electrodes scanning a region of 10 Â 10 lm 2 , at a speed of 25 lm/s with 8 V applied to the tip. This procedure improves the electrical contact between the interface and the electrodes. The first parameter we focus on is the electric bias applied to the tip, V b , keeping constant the relative humidity and the scanning speed. Figure 2 (a) shows the evolution of the conductance upon writing for different values of V b . For a relative humidity of 56%, we have found that the writing is possible for V b ! 2 V. The conductance increases abruptly when the tip approaches the electrode (at position $12 lm in Figure 2 (a)). We observe that the conductance variation evolves non-linearly with the tip bias, changing from a few nS at
The effect of the relative humidity (RH) of the environment where the experiments are performed is shown in Figure  2 (b). We clearly observe that when moving from RH $ 56% to RH $ 31%, the effect of writing is strongly reduced.
In order to have a better understanding of the nanowire writing process, we performed a series of simulations using COMSOL MULTIPHYSICS, a software based on the finite element numerical method. The model reproduces the geometry of the device with six electrodes surrounding the writing area (see Figure 3(a) ). The interface is modeled as a slab of insulating material with a thickness of 10 nm and a dielectric constant of 300. Although the SrTiO 3 dielectric constant is electric field dependent (also at room temperature), the model is not very sensitive to the value of the dielectric constant, and there is almost no perceptible difference between conductance curves from simulations run with a value of 25 or 300 for the dielectric constant using 0.5 lm steps. The writing process is described as a local switching of the electrical resistance from the background value to the interface conducting value (sheet resistance in the order of $20 kX). In the calculations, we set constant the current applied between the source and drain contacts, as in the experiments.
The total conductance between the two main electrodes, G tot , is the sum of the background conductance, the conductance of the wire,
(where l is the wire length, w the wire width, and R w is the interface metallic sheet resistance) and the conductance of any other element present in the system, for instance, additional wires.
We first study the effect of the background sheet con-
) on the shape of the conductance jump when the tip approaches the second electrode. Figure 3(b) plots the change in total conductance (᭝G tot ¼ G tot À G 0 , where G 0 is the total conductance at the beginning of the writing) for different values of the sheet resistance of the background. We note that the higher R b , the sharper the change in conductance. Comparing the conductance jumps observed in the experiments with the results of the simulation shows that the conducting wire is surrounded by a very resistive background. Therefore, the experimental situation is rather close to the ideal case of a one-dimensional conducting channel in an insulating background. In the inset, a zoom of the total conductance for RH ¼ 31% is shown. In all the graphs, the value of the background conductance is set equal to 0.12 lS, the background value of the curve taken with V b ¼ 8 V and RH ¼ 56%, to better compare the conductance jumps.
In the limit of a very conducting wire with respect to the background, the value of DG tot provides direct information on the ratio w R w . In order to determine w, one notices that the sheet resistance of the metallic region is in the range of 10-50 kX. 26 Several experimental works have indeed shown that the interface sheet resistance does not depend markedly on the LaAlO 3 surface conditions. 27, 28 In Figure 4(a) , the experimental behavior of the total conductance as a function of the tip position for a wire written using V b ¼ 8 V and RH ¼ 56% is compared with the simulated one. By setting R w equal to 18 kX, the experimental curve is very well reproduced considering a wire 46 nm wide. Experimentally, an estimation of the wire width can be obtained by "cutting" the nanowire. As shown in Figure 4(b) , scanning the tip perpendicular to the channel and applying a negative bias (V b ¼ À5 V in our experiment) switches locally OFF the conductivity. 17 The change in the wire conductance during cutting allows the wire width to be estimated; here, $60 nm, in good agreement with the simulation (Figure 4(b) ). We performed the same simulation for a wire written applying V b ¼ 5 V to the AFM tip. Considering again R w ¼ 18 kX, the experimental curve is nicely reproduced with a wire 10.5 nm wide. For wires written with V b ¼ 2 V and V b ¼ 3 V, the simulations yield a wire's width below 5 nm.
Figure 4(c) shows the width of the wires, extracted from this analysis, as a function of the tip bias. Looking at the data, one observes that the wire width does not evolve linearly with the tip bias. For tip voltages below 4 V, the wire is just few nm wide; at V b ¼ 5 V, its width increases to 10 nm and reaches $50 nm for V b ¼ 8 V. The behavior observed here is in agreement with the results published by Cen et al. 17 The modulation of the tip bias is thus a powerful knob to control the dimension of the written nanostructures.
The simulations we just discussed describe the propagation of a conducting region in an insulating background, independent of the microscopic process that generates the local conductivity. The experiments in different relative humidities have shown (see Figure 2(b) ), however, that the switching is also affected by the environmental conditions that can In the simulation, a wire 46 nm wide with R w ¼ 18 kX is defined on a background with R b ¼ 800 MX. Using this value for R b , the shape of the curve is perfectly reproduced. The experimental value of G 0 is however not reproduced by the simulation possibly because of the presence of parallel conducting paths created during the etching procedure. In order to match the experimental value of G 0 , the simulated curve is vertically shifted. Note that this shift is not changing the conclusions we get. In (b), behavior of the conductance as a function of the tip position during a cut, the value is normalized with respect to the maximum conductance. The wire is erased using V b ¼ À5 V. The curve is fitted using a sigmoidal function, and the experimental wire width is estimated from the full width at half maximum of the fit derivative. In (c), the wire width extracted from the simulations is plotted as a function of the tip bias. strongly modulate the dimensions of the written area for a given set of writing parameters. Previous studies have also revealed that an atmosphere lacking water vapor prevents the writing process from happening. 24 In the following, we investigate the role of the relative humidity on the tip-sample interaction area.
In the narrow gap between the tip and the sample surface, the water present in the air condenses by capillarity. The relationship between the relative vapor pressure of the environment and the size of the water meniscus is described by the Kelvin equation 29 RH
In this equation, k k is the Kelvin length (for water at 25 C k k ¼ 0.52 nm), and r and l are the principal radii of curvature of the meniscus (see the inset of Figure 5(a) ). Following the work of Butt and Kappl 30 for the condensation of water between a sphere and a plane, r and l can be expressed as a function of the same quantity and depend on the tip radius, R, the tip-sample distance, D, and the thickness of the water layer present on the surface of LaAlO 3 , d.
In Figure 5 (a) is illustrated the evolution of the meniscus diameter, 2l, as a function of RH for different values of D. We observe that an RH threshold for the formation of the water meniscus exists and that lifting the tip from the surface (i.e., increasing D) pushes this value to higher RH. Considering the tip-sample geometry of our AFM, 34 this threshold is $30% in agreement with the experiments (see Figure 2(b) ).
We also performed a set of measurements at different relative humidities writing several wires at V b ¼ 8 V in contact mode and measuring their width using the "cutting" technique. 35 The results are shown in Figure 5 (b) together with calculations of the meniscus size for the case of a hard contact (D ¼ 0 nm). We find that the wire width is always larger than the meniscus size. Since it is found that at low tip voltage the wire width is comparable with the meniscus size, 17 one suspects that the differences observed here are related to the large writing voltage. One can also notice that the evolution of the wire width with RH is rather different from one of the meniscus size, the former increasing faster than the latter. Future studies, although experimentally rather challenging, could shed more light on this behavior.
From this, we can conclude that the presence of the water meniscus is a necessary element for the efficiency of the writing process. On the one hand, the water focalizes the electric field present between the tip and the surface, 31 and on the other hand, it may play a role in the surface adsorbates ionization involved in the microscopic mechanism of the AFM-writing, the so-called "water cycle mechanism." 24 In summary, we have presented a study of the properties of the conducting nanostructures defined at the interface between LaAlO 3 and SrTiO 3 using the AFM writing technique. By comparing the experiments with numerical simulations, we show that the written wires behave very much like the ideal case of conducting channels in an insulating background. We use simulations and cutting experiments to determine the size of the wires whose dimension can be in the nanometer range for low positive bias applied to the AFM tip. We also discuss the role of the relative humidity in the definition of the tip effective dimension and its consequences on the efficiency of the writing process.
We acknowledge Jeremy Levy and his research group at the University of Pittsburgh for enlightening discussions. We thank Dr. C edric Blaser and Iaroslav Giaponenko for experimental advices and Marco Lopes and S ebastien Muller for technical support. FIG. 5. In (a), the meniscus diameter, 2l, is plotted as a function of the relative humidity of the environment. Each curve was computed using a different tip-sample distance (D). In the inset, the geometry of the water meniscus is sketched. The tip is modelled as a sphere of radius R ¼ 40 nm; on the surface of LaAlO 3 , we consider a layer of water 1 nm thick. 32 (c) The evolution of the wire width with RH for a wire written in contact mode using V b ¼ 8 V. In the same plot are reported the calculations of the meniscus size for two tip radii, 15 nm and 40 nm, at D ¼ 0 nm.
